Abstract: Escherichia coli heat-labile enterotoxin B subunit (EtxB) has been proposed as a potential protein carrier for the delivery of heterologous peptides to target cells, particularly for the oral delivery of epitopes to the mucosal immune system. In this study, two extensions to the C-terminus of EtxB were genetically engineered that correspond to a well-characterized neutralising epitope of glycoprotein D from herpes simplex virus (EtxB-gD) and to the C-terminal nine amino acids from the 38 kDa subunit of HSV-encoded ribonucleotide reductase (EtxB-R2). Here we describe the extracellular secretion of the two hybrid EtxBs from a marine Vibrio harbouring a broad-host range inducible expression vector containing the hybrid genes. Large amounts of intact fusion proteins (15-20 mg per liter of culture) were secreted into the medium upon induction. These hybrid proteins maintained the receptor-binding activity of the native toxin as well as being cross-reactive with anti-EtxB and anti-heterologous peptide monoclonal antibodies.
Introduction
Cholera-like Escherichia coli heat-labile enterotoxin (Etx) is a plasmid-encoded, hexameric protein toxin produced by certain enterotoxigenic strains of E. coli [1, 2] . The native toxin is composed of one catalytic subunit (EtxA, 240 amino acids, 27 kDa) which is responsible for activation of adenylate cyclase in the target cells, and five identical B subunits (EtxB, 103 amino acids, 11.4 kDa) which bind to monosialoganglioside GM1 * Corresponding author. Tel: (049) 660 395; Fax: (049) 875 0012.
receptors on eukaryotic cell surfaces. The threedimensional structure of Etx has been recently determined; the holotoxin consists of a pentamer of non-covalently associated B subunits with the A1 fragment of EtxA sitting on top connected only by the short A2 polypeptide [3] . Some of the B pentamer properties, i.e., high stability, receptor-binding capacity and its wellestablished ability to induce high titres of local and systemic antibody responses when delivered orally, made this protein a logical choice as a potential carrier for the developement of oral vaccines [4] . For this reason the neutralising epitope which has been mapped within amino acids 9 and 21 of herpes simplex virus glycoprotein D 48 (HSV-gD) [5, 6] was fused to the C-terminus of EtxB (EtxB-gD). Another area of exploitation for EtxB is the delivery of active antiviral peptides into cells [7, 8] . To this end the nine carboxyterminal amino acids of HSV-encoded ribonucleotide reductase small subunit (HSV-R2), which are able to disrupt the functional association of the enzyme in vitro [9] , were fused to the C-terminus of EtxB (EtxB-R2).
Efficient extracellular production of cholera toxin B subunit has been recently achieved using Bacillus subtilis as a host for overexpression [10] . In this work we take advantage of the capacity of members of the Vibrionaceae to actively secrete Etx into the growth medium, at variance with E. coli where Etx remains located in the periplasmic space [11, 12, 13] . The secretory pathway has been extensively studied in Vibrio cholerae [14] but the pathogenicity of the microorganism and the presence of a chromosomically encoded cholera toxin limit its biotechnological exploitation. Therefore an Etx-marine Vibrio sp. 60 [15, 16] , a fish pathogen closely related to Vibrio anguillarum, was chosen as a better candidate for producing large quantities of EtxB-based fusion proteins by high-level expression and secretion into the growth medium.
Materials and Methods
Bacteria, plasmids, media and growth conditions E. coli strain XL-1 Blue (Stratagene) was used for the propagation of pBluescriptlI KS + (Stratagene), pAM300 and pAM500: E. coli strain G6 was used for the broad-host range plasmids: pMMB68, pMMB138, pAM320 and pAM510. A rifampicin-resistant derivative of Vibrio sp 60 (strain MVT606) was shown to be a suitable host for plasmids expressing EtxB [16] . Bacteria were grown in Luria-Bertani (LB) medium supplemented with tetracyclin 12.5 /zg/ml, ampicillin (100/xg/ml), rifampicin (50/~g/ml) or kanamycin (50/xg/ml) for strain and plasmid selection. Additional NaC1 (to a final concentration of 2% w/v) was needed for optimal growth of Vibrio sp 60 at 30°C.
Plasmids pMMB68, pAM320 and pAM510 were mobilized into Vibrio sp. 60 with the aid of E. coli HB101 containing pRK2013 [17] . Exponentially grown cultures of E. coli G6 harbouring plasmid pMMB68, pAM510 or pAM320 were mixed with the recipient strain Vibrio sp. 60 and E. coli HB101, pRK2013 and incubated on agar plates at 30°C for 6 h. The bacteria were then transferred on selective plates and screened for rifampicin R, carbenicillin R and kanamycin s exconjugants. To maintain these plasmids in the recipient strain the antibiotic carbenicillin 2 mg/ml was used instead of ampiciUin.
All vibrio strains were inoculated from rifampicin/carbenicillin agar plates into LB supplemented with NaCI but without antibiotics to an optical density of 0.05 at 600 nm and cultured in a rotary shaking incubator. Expression of EtxB and its derivatives was induced with isopropyl-/3, D-thiogalactopyranoside (IPTG, 0.5 mM final concentration) when the optical density of the culture had reached approximately 0.2. Protein secretion in the medium was monitored by 13.5% SDS PAGE and GM1 ELISA.
Gene manipulation
Double-strand synthetic DNA oligomers (J. Kyte, University of Nottingham), with HindlII/SpeI cohesive ends, were cloned into pBluescript KS + together with the EcoRI/ HindlII fragment excised from pMMB138, a plasmid which encodes for a mutated etxB gene where the HindlII site spans the natural stop codon of the gene [18] . Sequencing confirmation of the genes were performed according to Sanger (Sequenase II, Amersham) using single stranded DNA rescued with bacteriophage VCSM13 (Stratagene). The novel plasmids were named pAM300 (etxB-R2) and pAM500 (etxB-gD). The hybrid genes were then subcloned as EcoRI/SpeI fragments into pMMB68 to substitute the native etxB gene. These novel plasmids were named pAM320 (etxB-R2) and pAM510 (etxB-gD).
GM1 ELISA
The monosialoganglioside GM1 binding properties of EtxB, EtxB-gD and EtxB-R2 were analysed using a modified GM1 ELISA technique described previously [19] . Briefly: 96-well ELISA plates coated overnight with soluble GM1 (Sigma) at a concentration of 1.5 /~g/ml in phosphate buffered saline (PBS) were washed with PBS and incubated for 30 min at 37°C with 1% bovine serum albumin (BSA, w/v) (Sigma) in PBS. After washing in PBS, plates were treated with various concentrations of extracellular medium diluted with 0.1% BSA in PBS, for one hour at room temperature.
Primary antibody and goat anti-mouse IgG peroxidase conjugate (Jackson Laboratories, USA) were diluted in 0.1% BSA, 0.05% Tween 20 (Sigma, v/v) in PBS and applied for one hour each followed by washes with 0.05% Tween 20 in PBS. Colour development was obtained by incubating the plates with 1 mg/ml o-phenylenediamine (Sigma), containing 0.4 ~l/ml of 30% hydrogen peroxide (v/v) in 0.1 M citrate buffer pH 4.5 for 15 min. Absorbance at 450 nm, reference filter 620 nm, was measured in an automated plate reader and the Biolise software (Techgen, UK) was used to calculate concentration of the sample as percentage of purified EtxB standard. Monoclonal antibody 118-8 anti EtxB was a kind gift of Drs. E. Lundgren and H. Persson (University of Ume0, Sweden). Antibodies raised against R2 carboxyterminus (MAb 8746) and the neutralising epitope 9-21 (MAb E-II-24G10) from HSV were generously provided by Dr. H.S. Marsden (MRC Virology Unit, University of Glasgow) and Drs.S.Welling-Wester and G. Welling (University of Groningen, the Netherlands) respectively.
Proteolytic activity assay
Peptidase activities on the oligopeptide extensions were measured using peptide specific monoclonals antibodies MAb8746 and MAb E-II-24G10 in a GM1 ELISA system. The culture was pelleted and the supernatant fractionated between 35% and 65% (NH4)2SO 4 with the pellet being resuspended in 1/10th the original culture volume in ice-cold PBS. Persistance of-R2 and -gD extensions with time was monitored at various temperatures as well as in the presence of the protease inhibitor, PMSF (1 mM final concentration) and EDTA (1 mM final concentration) and was calculated as percentage of undegraded protein.
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Results and Discussion
Construction of the hybrid gene
To facilitate the cloning and sequencing procedures the whole etxB open reading frame was excised from plasmid pMMB138 as an EcoRI/ HindIII fragment and inserted in the EcoRI/SpeI sites of plasmid pBluescript II KS + together with a double stranded synthetic oligonucleotide with HindIII/SpeI compatible ends to generaye plasmids pAM300 and pAM500. The oligonucleotides were designed to encode, in frame with etxB, amino acids 9-21 of HSV-gD and the nine C-terminal amino acids of HSV-R2 plus a convenient stop codon according to the codon usage and base position preference of E. coli. The hybrid genes were sequenced and shown to be correct.
To increase the yield of protein expression and to allow replication of the plasmid in Vibrio sp. 60, the hybrid genes were subcloned in the broad host range expression vector pMMB68 by substitution of the resident etxB gene. The resultant plasmids, pAM510 and pAM320, were transferred in Vibrio sp. 60 by conjugation using a third E. coli strain harbouring plasmid pRK2013 with the functions required for inter-generic conjugal transfer.
Production of EtxB-gD and EtxB-R2 in Vibrio sp. 60
Cultures of Vibrio sp. 60 harbouring plasmids pAM320, pAM510 and the control plasmid pMMB68 were monitored for expression of the fusion proteins after induction with IPTG. The amount of EtxB-R2, EtxB-gD and EtxB were calculated as percentage of standard EtxB of known concentration using a GM1 ELISA. Vibrio sp. 60 constitutively secretes EtxB-based fusion proteins into the extracellular medium yielding up to 15.5 mg (EtxB-R2) and 18.5 mg (EtxB-gD) of undegraded protein per liter of culture 5 h after induction (Fig. 1) , after which time production reached a plateau [16] . Hybrids maintained GMl-binding specificity and were cross-reactive both with anti-EtxB and anti -R2 or -gD monoclonal antibodies. enterotoxin but possess the secretory machinery homologous to that found in Vibrio cholera.
The efficient and selective secretion in the extracellular growth medium of two EtxB-based fusion proteins, named EtxB-gD and EtxB-R2, by Vibrio sp. 60 has been obtained. These secreted fusion proteins shared properties of both domains being able to bind the GM1 receptor of the toxin, assemble into stable pentamers and crossreact with monoclonal antibodies raised against EtxB or the fused peptides. One of the major drawbacks of using vibrios for the production of hybrid proteins is the concomitant secretion of various active proteases. An easy way to circumvent the problem in this system has been shown to be a combination of low temperature and EDTA.
Proteolytic degradation of the fused peptides
Concentrated samples of cultures producing the hybrids, as described in the Materials and Methods, were incubated at different temperatures and in the presence of various inhibitors. Persistance of the fused peptide was measured using its specific monoclonal antibody in a GM1 ELISA. EtxB backbone was resistant to proteolysis as expected but the were not, probably because they are exposed on the surface of the protein. 100% degradation of the fused peptide was observed at 30°C after 4.5 h for EtxB-gD and after 2 h for EtxB-R2. At 4°C degradation was much slower (55% and 45%, respectively after 24 h of incubation at 4°C) and was prevented by EDTA in both fusions.
Concluding remarks
The demand for efficient means of producing EtxB-based hybrid proteins has grown enormously in recent times together with the prospects of using Et.xB as a non-living carrier for the delivery of heterologous peptides.
Vibrio sp. 60 is a marine microorganism closely related to Vibrio anguillarum that is recognised as non-pathogenic for humans [20] . These microorganisms do not produce a detectable cholera-like
